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Quantum dots (QDs) and superparamagnetic Fe3O4 nanoparticles 
(NPs) have garnered considerable attention in biomedical applications. 
Novel surface modification strategy could enhance the performance of 
those NPs. 
In chapter 1, silica-coated, QD–embedded silica NPs (QD-SiO2 NPs) 
containing QDs composed of CdSe@CdS@ZnS were prepared and the 
structure based advantages were compared with single QD having 
similar QY. These QD-SiO2 NPs exhibited ca. 200 times stronger 
photoluminescence (PL) than single QDs. Cytotoxicity studies revealed 
that QD-SiO2 NPs were less toxic than equivalent numbers of silica-free 
ii 
single QDs. The excellence of QD-SiO2 NPs with regard to in vitro 
applications was illustrated by significantly enhanced fluorescence 
signals from QD-SiO2 NPs internalized cancer cells and stem cells.  
In chapter 2, QD-assembled silica NPs bearing a polydiacetylene 
(PDA) supramolecules on their surface (PDA-QD-SiO2 NPs) were 
described. The resulting PDA-QD-SiO2 NPs showed discrete QD 
photoluminescence for encoding as well as PDA fluorescence for sensing 
a target without interference or overlap. Under heating stress of the PDA-
QD-SiO2 NPs, the color of the PDA changed from blue to red, which also 
allowed us to observe the fluorescence emitted from red PDA. The 
mixture of two different PDA-QD-SiO2 NPs, bluePDA-QD-SiO2 NPs 
not emitting the fluorescence of PDA and redPDA-QD-SiO2 NPs on 
which stress was brought on to turn on the PDA fluorescence, was 
effectively imaged and readily distinguished via fluorescence 
microscopy, showing their potential for label-free and multiplexed 
detection of target molecules. 
In chapter 3, QDs-embedded silica NPs with an Fe3O4 NP core (M-
QD-SiO2 NPs) that has dual functionalities were described. The M-QD-
SiO2 NPs were mono-dispersed in size and exhibited super-paramagnetic 
and highly fluorescent properties. Most of the M-QD-SiO2 NPs were 
naturally internalized into MDA-MB-231 human breast cancer cells, and 
the NPs containing cells were successfully sorted by utilizing both 
iii 
fluorescence flow cytometry and a magnetic field. The results indicate 
that the M-QD-SiO2 NPs have great potential for multimodal cell 
separation. 
In chapter 4, double-layered Fe3O4 NPs containing silica nanoparticles 
(DL M-SiO2 NPs) were fabricated with a silica core and highly packed 
Fe3O4 NPs layers. The DL M-SiO2 NPs had a superparamagnetic 
property and efficient accumulation kinetics under an external magnetic 
field. Moreover, the magnetic field-exposed DL M-SiO2 NPs show 
quantitative accumulation, whereas single-layered Fe3O4 NPs containing 
silica nanoparticles (SL M-SiO2 NPs) and silica-coated Fe3O4 NPs 
produced a saturated plateau before full recovery of the NPs. DL M-SiO2 
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1. Quantum Dots (QDs) for Bioapplications 
 
1.1. General Conception of QDs 
 
Quantum dot (QD) is a semiconductor nanocrystal which is 
small enough to exhibit quantum confinement effect.1-3 
Specifically, when the radius of a semiconductor particle is smaller 
than its exciton Bohr radius, typically under 10 nm, the energy 
spectrum of particle becomes discrete. This phenomenon makes 
the bandgap dependent on size as shown in Fig. 1. Since the 
bandgap of semiconductor determines the emission range of light, 
the color of emitted light also becomes subject to the particle size. 
For example, as the diameter of cadmium selenide (CdSe) 
nanoparticle increases, the emission spectrum tends to redshift, as 
shown in Fig. 2.4,5 Hence, the emission colors of QDs can be tuned 
by controlling the particle size. Since various semiconductors 
which have different bandgap alignment could be chosen as the 
base material of QDs (Fig. 3),6 QDs can be fabricated to emit broad 
spectral range from ultra-violet (UV) to near infra-red (IR) 













Figure 2. a) Size-tunable fluorescence spectra of CdSe quantum dots 
(QDs)4 and b) colloidal suspensions of CdSe QDs of increasing size from 








Figure 3. Electronic energy levels of semi-conductors using the valence-
band offsets. (VB: valence band, CB: conduction band)6  
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Compared to the organic-based fluorescent dyes, QDs could 
provide several advantages. First, QDs have a highly narrow 
emission spectrum, which is ideal for applications of simultaneous 
detection of multiple fluorescence.12 Commericialized QDs show 
narrow and symmetric emission peaks, typically 25-35 nm of full-
width-at-half-maximum (FWHM), as shown in Fig. 4.4 Second, 
QDs have broad absorption spectra. As well as the emission 
spectrum of QDs, the absorption spectrum is dependent on the 
particle size because of quantum confinement effect. Any light 
source which is shorter than the emission wavelength can excite 
QDs (Fig. 5).13 These narrow emission/broad absorption spectrum 
profiles make possible to emit all fluorescent colors of various QDs 
simultaneously with a single excitation light source. In addition, 
QDs have better resistance to photobleaching,14 larger molar 
extinction coefficients,15 higher quantum yields,16 and longer 
fluorescence lifetimes compared to organic fluorescent dyes.17  
For these reasons, QDs have been highlighted as alternative 
materials of organic dyes in many fields such as photovoltaic 





Figure 4. Comparison of (A) optical absorption and (B) fluorescence 
emission spectra of QDs and organic dyes. The data shown above are for 
CdSe QDs and fluorescein isothiocyanate (FITC). The emission peaks 
have nearly identical wavelengths but the QD peak is narrower and more 





Figure 5. Optical absorption spectra of CdSe nanocrystallites dispersed 




bioassay.16,35-42 Especially, as an optical label for various bioassay, 
QDs have quickly replaced the role of traditional organic dyes for 
the last decades, due to their superior brightness and stability.43  
Since fabricated QDs are generally stored at hydrophobic 
solvent with long alkyl chain ligands,13,44 direct use of QDs in 
bioapplication without any surface modification is inappropriate.42 
Hence, the protection of QDs surface by hydrophilic materials 
should be preceded before the practical bioapplications. However, 
the surface modification of QDs without careful consideration 
could lead to a drastical decrease of photoluminescence.45 The 
surface modification methods of QDs for aqueous condition have 
been reported for decades, including surface passivation 









Figure 6. Schematic illustration of various surface modification methods 
of QDs.42  
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1.2. Silica Encapsulated QDs 
 
Silica encapsulation is an useful method to protect fluorescence 
property of QDs in an aqueous condition. Silica encapsulation 
could provide many advantages, such as water compatibility, facile 
chemical modification, low cytotoxocity, and excellent chemical 
inertness.56,57 Thus far, various studies for silica encapsulation of 
single QDs have been published.46,58-61 
Nanoprobes containing multiple QDs have also been developed 
for better optical characteristics.62-66 When silica NPs are used as a 
template for embedding multiple QDs, they can provide additional 
advantages, such as easier control of size affording multifunctional 
properties. Multiple QDs-incorporated silica nanostructure can be 
brighter than single QDs due to their greater number on it. 
However, significant decrease in the QY of the employed QDs 





2. Superparamagnetic Iron Oxide Nanoparticles for 
Bioapplications 
 
2.1. General Conception of Superparamagnetic 
Nanoparticles (NPs) 
 
Magnetic nanoparticles (MNPs) of 10-20 nm sizes are known to 
have a single magnetic domain, maintaining one large magnetic 
moment under the blocking temperature (Tb). When the 
temperature is above the Tb, thermal energy induces free rotation 
of magnetic NPs, causing loss of the net magnetization in the 
absence of an external magnetic field (Fig. 10a). This 
superparamagnetic behavior exhibits negligible remnant 
magnetization after the removal of external fields and enables the 
particles to avoid agglomeration at room temperature,69-74 as 
shown in Fig. 10b. Due to this unique property, MNPs are of great 
interest in various biotechnology fields, particularly in the field of 
biomolecule separation.75-77 MNPs have been synthesized with 
various base materials; iron oxides,78-80 pure metals,81,82 spinel-




Figure 7. Schematic illustration of the superparamagnetism. (a) 
Coercivity-size relations of small magnetic particles; Dsp = 
superparamagnetic diameter, Dc = single domain critical diameter, and 
(b) magnetization behavior of superparamagnetic nanoparticles. 
 
 15
Fe3O4 NPs are promising because they are nontoxic, and the 
synthetic methods have been relatively well-established.69 
However, bare Fe3O4 NPs are hampered by several drawbacks 
for use in biomolecule separation. For example, a single Fe3O4 NP 
itself shows very slow accumulation behavior and low separation 
yield by magnet. Moreover, Fe3O4 NPs are highly vulnerable to 
oxidative condition, which would damage the magnetism and 




2.2 Magnetic Nanoparticles (NPs) on Silica 
 
Silica has been widely incorporated in various NPs, because it 
is nontoxic, biocompatible, optically transparent, chemically inert,  
and has a well-known surface chemistry. Silica encapsulation 
method could also overcome several agglomeration factors; 
incomplete coordination of surface atoms of NPs,69,89,90 and van 
der Waals interaction.91,92 Thus, a lot of magnetic-silica composite 
materials have been reported.63,93,94 Among them, multiple 
magnetic NPs incorporated silica NPs could have merits such as 
quicker accumulation kinetics under an external magnetic field 
than a single Fe3O4 NP while maintaining their superparamagnetic 
property. They can be divided into two categories; Fe3O4 NPs 
could be “incorporated” into the inner space of silica structure, or 
“immobilized” onto the surface of silica backbone, as shown in 
Table 1.95 In case of Fe3O4 NPs “incorporated” silica NPs, the size 
control of NPs and limited fabrication scale could be a problem. 




Table 1. Previous Works of Magnetic NPs-assembled SiO2 
Nanostructures 
Type Structure Size Applications 
Single MNP with 









into the inner 
space of a silica 
structure100-102 
 

























Au NPs@Au shell 
Submicro DNA-probe 
* █ : SiO2, ●: Fe3O4 NPs, █ : Au 
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3. Research Objectives 
 
In this thesis, quantum dots and/or superparamagnetic iron oxide 
NPs assembled multifunctional nanospheres for bioapplication are 
described. We used silica as a support matrix of the designed NP 
structure, because silica can provide many advantages, such as 
water compatibility, facile chemical modification, low cytotoxicity, 
and excellent chemical stability. 
In chapter 1, highly bright QDs-embedded silica NPs (QD-SiO2 
NPs) for bio-imaging are described. We developed a method for 
embedding QDs onto a carrier template so that a large number of 
hydrophobic QDs can be attached to hydrophilic silica NP. We 
have also demonstrated the key advantages of QD-SiO2 NPs 
compared with single QD in terms of brightness, toxicity, and in 
vitro analysis.  
In chapter 2, QD-assembled silica NPs bearing a 
polydiacetylene supramolecule on their surface (PDA-QD-SiO2 
NPs) as a label-free sensing platform towards multiplexed optical 
detection of biological molecules are described. QDs on PDA-QD-
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SiO2 NPs play a role as an encoder to designate the kind of target, 
and the PDA on their surface is utilized as a signal transducer to 
report target recognition via its chromic change properties. To 
demonstrate their potential use for label-free and multiplexed 
detection, we show that a mixture of two kinds of PDA-QD-SiO2 
NPs, bluePDA-QD-SiO2 NPs and redPDA-QD-SiO2 NPs, can be 
effectively imaged and that the redPDA-QD-SiO2 NPs emitting the 
fluorescence from the red-PDA is readily distinguished from 
nonfluorescent bluePDA-QD-SiO2 NPs via fluorescence 
microscopy.  
In chapter 3, we describe the preparation of QDs-embedded 
silica NPs, whose core has an iron oxide NP (M-QD-SiO2 NPs). 
These multifunctional NPs are uniform in size and super-
paramagnetic with intense fluorescence. M-QD-SiO2 NPs were 
characterized using two kinds of cell separation methods: 
fluorescence-activated cell sorting (FACS) and magnetic field 
induced cell separation. These assessments are performed to 
determine the potential of M-QD-SiO2 NPs as a tool for biomedical 
applications, particularly multimodal bioseparation. 
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In chapte 4, double-layered Fe3O4 NPs embedded silica 
nanoparticles (DL M-SiO2 NPs) with a core/multi-shell structure 
are described. The catecholate-iron complexation method was 
utilized to increase the loading level of Fe3O4 NPs on the silica NPs. 
The DL M-SiO2 NPs which contain a large number of Fe3O4 NPs 
on the surface of a silica NP core (~200 nm) have monodispersity 
with fast response for an external magnetic field with 
superparamagnetic property. The exploited Fe3O4 NPs were well 
protected by silica shell from the aforementioned weakness. 
Finally, the capability of DL M-SiO2 NPs to separate proteins was 












Fabrication of Quantum Dot-
Assembled Silica 
Nanoparticles   
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1. Experimental Section 
 
1.1. Chemicals and Materials  
 
All chemicals were used as received without further purification. 
Cadmium oxide (CdO), selenium (Se), trioctylphosphine (TOP), 
oleic acid (OA), 1-octadecene (ODE), octanethiol, zinc 
dimethyldithiocarbamate (Zn(DMSC)2), sulfur, tetraethyl 
orthosilicate (TEOS), (3-mercaptopropyl)trimethoxylsilane 
(MPTS), tetramethylammonium hydroxide (TMAH) and 3-
mercaptopropionic acid (MPA) were purchased from Sigma 
Aldrich (St. Louis, MO, USA). Chlroform (CHCl3), 
dichloromethane (DCM), ammonia aqueous solution (27%)  and 
ethanol (EtOH) were purchased from Daejung Chemicals 




1.2. Preparation of Quantum Dot-Assembled Silica 
Nanoparticles (QD-SiO2 NPs)  
 
Preparation of QDs 
 
CdO (0.1284 g) and Zn(DMSC)2 (1.520 g) were dissolved in OA 
(1.695 g) and ODE (20 mL) under N2 atmosphere, and heated to 
100°C under vacuum for 1 h. The solution was further heated to 
320°C to form a transparent solution and injected into a precursor 
solution, which was prepared by dissolving Se (0.078 g) in TOP (1 
mL). The growth temperature was set to 300°C for 5 min and then 
the solution was cooled to room temperature. The final QDs were 
dispersed in CHCl3 to obtain a 50 mg/mL solution. 
 
Preparation of SiO2 NPs 
 
First, TEOS (1.6 mL) and ammonia aqueous solution (27%, 3 
mL) were added to EtOH (35 mL) containing water (5 mL), 
followed by vigorous stirring for 20 h at 25°C. The resulting SiO2 
NPs (120 nm) were washed and then dispersed in EtOH.  
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QDs Conjugation onto the Surface of SiO2 NPs 
 
Thiol functionalization of the SiO2 NPs (4 mL, 50 mg/mL 
suspension in EtOH) was accomplished by mixing with MPTS (40 
uL) and ammonia aqueous solution (40 µL), followed by stirring 
for 12 h at 25°C. These thiol-modified SiO2 NPs were washed 
several times with EtOH and then dispersed in EtOH. The QDs 
(3.5 mL, as-prepared above) and thiol-modified SiO2 NPs (2 mL, 
50 mg/mL in EtOH) were injected into a vial in series and then 
stirred vigorously for a few seconds. Then, MPTS (55 uL) and 
ammonia aqueous solution (55 uL) were introduced to the QD-
SiO2 NPs mixture, and shaken by shaking for 1 h at 25°C. The 
resulting mixtures were washed with EtOH several times and 
dispersed in EtOH (20 mL) containing TEOS (0.2 mL) and 
ammonia aqueous solution (0.2 mL). After shaking for 12 h, the 




1.3. Preparation of Water Soluble Single QD  
 
Purified QDs s were dispersed in CHCl3 to obtain a 0.1 µM QDs 
solution. TMAH (100 mg) was mixed well with MPA in 1 mL of 
CHCl3. The amount of MPA was varied between 5 to 100 µL to 
determine its effect on the ligand-exchange reaction. After 15 min 
of mixing, a clear colorless aqueous layer (about 10% of total 
volume) was formed above the CHCl3 layer. The biphasic solution 
was mixed by vigorous shaking and allowed to stand for 1 h in 
order to equilibrate. The lower organic phase, which contained 
deprotonated MPA, was transferred into a vial for ligand-exchange 
reaction with QDs or mQDs. One hundred microliters of TOP-
capped QDs (0.1 µM in CHCl3) was added to the MPA-CHCl3 
solution and mixed well. The solution was allowed to stand at room 
temperature for 1–5 h. After the reaction, the MPA-capped QDs 
that had been separated from the CHCl3 solutions were collected, 








UV-vis absorption spectra were recorded with a UV- 
spectrometer. Photoluminescence (PL) spectra were recorded 
using a 6500 Photoluminescence spectrometer (JASCO).  
 
Optical UV Stability 
 
QDs samples were exposed to a UV irradiation source to 
monitor the UV stability. The distance between samples and the 
UV lamp was 10 cm. The variation in wavelength shift was less 





1.5. In vitro Analysis of QD-SiO2 NPs 
 
In vitro Luminescence Signal Detection 
 
QD-SiO2 NPs (1.1 × 1012 / mL, stock concentration: 5 mg/ mL) 
suspended in absolute EtOH was centrifuged at 6,500 rpm for 1 
min and phosphate buffered saline (PBS) solution was added. QD-
SiO2 NPs or single QDs (100 μg/20 μl) in PBS solution was added 
to a Dark 96 well microplate, and the fluorescence signal was 
detected using an Infinite M200 Fluorometer (Tecan, GmbH, SZ, 
Austria) at an optimized excitation/emission wavelength of 
400/610 nm. Fluorescence signal intensities of each single QDs- or 
QD-SiO2 NPs- containing well plate were normalized to those of 




HeLa cells, human cervical carcinoma, which was maintained in 
DMEM medium (Gibco, Grand Island, NY) containing fetal 
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bovine serum (FBS, Invitrogen, Grand Island, NY), 10 U/mL 
penicillin (Invitrogen, Grand Island, NY), and 10 μg/mL 
streptomycin were inoculated in a 96-well microplate, and single 
QDs or QD-SiO2 NPs of increasing concentration ranging from 10 
to 40 μg were transferred to the seeded HeLa cells. After 
incubation for 24 h at 37oC, the cellular toxicity was examined 
using a simple cellular toxicity kit, CCK-8 (cell counting kit-8, 
Dojindo Molecular Tech, Inc, Rockville). The incubated cell 
medium was clearly removed via a PBS washing step, and 10 μl 
of the CCK-8 solution containing fresh cell medium was placed 
into each 96-well microplate. After incubation of the CCK-8–
treated samples for 2 h, their absorbance at 450 nm was recorded 
using a microplate reader.  
 
Confocal Laser Microscope Analysis 
  
HeLa cells (2 × 105) were seeded on clean coverslips in a 6-well 
plate, followed by incubation for 24 h at 37oC. The cells were 
rinsed using PBS, and single QDs or QD-SiO2 NPs were then 
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treated to the cells, and incubated for 24 h. single QD- or QD-SiO2 
NPs-treated HeLa cells were fixed using 4% paraformaldehyde 
solution (Wako, Pure Chem., Osaka, Japan) under mild shaking 
conditions for 20 min. Cells were vigorously washed three times 
using PBS, and attached onto the coverslip using a mounting 
solution containing DAPI solution (Vector Laboratories, Inc, CA). 
Confocal microscope images were analyzed using Zeiss LSM 
image examiner. For DAPI imaging, HFT 405/488 nm light was 
used as excitation source and the emission wavelength was filtered 
in wavelength range of 420-480 nm. For QDs imaging, HFT 
405/488/543/633 nm light was used as excitation source and the 







2. Results and Discussion 
 
2.1. Design of QD-SiO2 NPs  
 
The fabrication flow of the proposed highly bright QD-SiO2 NPs 
is illustrated in Fig. 8. The diameter of the silica core NPs is 
approximately 120 nm. QDs were embedded on the surface of 
silica NPs, a carrier template, for easy handling and size control, 
and reproducible preparation of nanomaterials. Then, they were 
encapsulated by a silica shell for providing biocompatibility and 
easy functionalization.  
The photoluminescence maxima of QDs vary from 450 to 650 
nm depending on the precursor ratio (Fig. 9a and b). They exhibit 
high fluorescence quantum yields reaching up to 80%. They 
display monodispersity of ca 6 nm diameter by controlling the 
shell thickness in large scale synthesis (Fig. 9c and d).  
To fabricate QD-SiO2 NPs, 120-nm SiO2 NPs were prepared by the 







Figure 8. Illustration of synthesis of Quantum dot-assembled silica 
nanoparticles (QD-SiO2 NPs). Core-shell CdSe@CdS@ZnS QDs were 
immobilized to thiol-modified SiO2 NPs. Then, QD-SiO2 NPs were 






Figure 9. Characterization of QDs; (a) photograph of various QDs, (b) 
photoluminescence spectra of QDs, (c) TEM images of various QDs, (d) 
photograph of sub kilogram amount of QDs.107 
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The embedding of a large number of hydrophobic QDs to cover 
the entire surface of a hydrophilic silica backbone was a 
challenging process. The silica NPs were functionalized with a 
thiol group using MPTS as an organosilane coupling agent because 
it has high affinity to QDs. However hydrophilic properties were 
exhibited in the thiol-functionalized silica NPs in contrast to QDs, 
which have a TOP layer and possessed hydrophobic properties. We 
controlled the ratio and the amounts of hydrophilic and 
hydrophobic solvent for efficient mixing of silica NPs and QDs to 
embed hydrophobic QDs onto hydrophilic thiol-modified silica 
NPs. If an amphiphilic polymer is used,108 it can cause reduction 
of QY upon further silica shell coating. The QDs-embedded silica 
NPs were collected for analysis by centrifugation. HR (High 
resolution)-TEM analysis revealed that the QDs-embedded silica 
NPs had rough surfaces most likely due to the embedding of QDs 
on the surface of the silica core (Fig. 10c). A lattice structure of the 
QDs was observed on the surface of the silica NPs, as shown in 
Fig. 10d. The number of QDs on the silica core was estimated to 






Figure 10. TEM images of (a, b) 120-nm silica NPs and (c) QD-




The MPTS-treated QDs-embedded silica NPs were dispersed in 
EtOH. They were subsquently encapsulated by a silica shell with 
TEOS. As shown in Fig. 11a, ca. 300 QDs were embedded on a 
silica NP, and a thin silica layer was formed around the QDs-
embedded silica NPs. The QD density on the silica surface was 
calculated as ca. 0.7 unit per 100 nm2. The QD-SiO2 did not 
coagulate during the silica coating step and was well dispersed in 








Figure 11. Characterization of QD-SiO2 NPs. a) TEM images of QD-
SiO2 NPs. b) Photographs of various QD-SiO2 NPs from QDs with 
emission maximum at 470, 520, 550, 580, and 615 nm under daylight 





2.2. Comparison of Single QDs and QD-SiO2 NPs 
 
To compare the fluorescence intensity of QD-SiO2 NPs, which 
has approximately 500 unit of single QDs, with that of single QD 
(sQD), photoluminescence signals from QD-SiO2 NPs and an 
equivalent number of sQDs were examined in an 1.5 mL microtube. 
Photoluminescence images of the tubes revealed significantly 
amplified luminescence activity of QD-SiO2 NPs compared to 
sQDs (Fig. 12a). Quantitative fluorescence analysis using a 
fluorometer showed ca 200-times higher fluorescence intensity 









Figure 12. Comparison of fluorescence intensities of single QDs and 
QD-SiO2 NPs. a) Fluorescence images of single QD (left) and QD-SiO2 
NPs (right) containing tubes and b) their fluorescence intencities of 
single QDs (left) and QD-SiO2 NPs (right).107 
 
 39
2.3. In vitro Luminescence Signal Aquisition 
 
To confirm whether the natural uptake of QD-SiO2 NPs occurs 
in cells, QD-SiO2 NPs were incubated in HeLa cells for 24 h. 
Confocal microscopic images confirm that most of the QD-SiO2 
NPs are distributed in the cytoplasmic area of cells (Fig. 13). The 
transfection efficiency of QD-SiO2 NPs in cells was analyzed in 24 
h after transfection. The fluorescence signals in the supernatant and 
trypsinized-cell pellets were measured using a fluoremeter. We 
found that the transfection efficiency in QD-SiO2 NPs-transfected 
cell pellets was 88%. Nanomaterials of appropriate size are known 
to be allowed for intracellular uptake by natural endocytosis. We 
confirmed that 120-nm-sized QD-SiO2 NPs could accumulate 







Figure 13. Fluorescence images of QD-SiO2 NPs-uptaken HeLa cells 




2.4. Tracking of Stem Cell Differentiation Using QD-
SiO2 NPs 
 
To confirm whether the QD-SiO2 NPs could be exploited to 
track stem cell differentiation, QD-SiO2 NPs were incubated in 
HUVECs for 12 h at 37oC. After the incubation, angiogenesis 
assay was performed to measure the cell differenciation ability of 
the NPs-uptaken HUVECs. After 12 hr, the tube formation of 
endothelial cells was confirmed by both fluorescence of cell 
internalized QD-SiO2 NPs and F-actin, indicating that the new 
blood vessels were successfully differenciated from the NPs-
uptaken HUVECs, as shown in Fig. 14. This results show that the 
QD-SiO2 NPs neither inhibit the angiogenesis process of  
















1. Experimental Section 
 
1.1. Chemicals and Materials  
 
All chemicals were used as received without further purification. 
Cadmium oxide (CdO), selenium (Se),  trioctylphosphine (TOP), 
oleic acid (OA), 1-octadecene (ODE), octanethiol, zinc 
dimethyldithiocarbamate (Zn(DMSC)2), sulfur, tetraethyl 
orthosilicate (TEOS), (3-mercaptopropyl)trimethoxylsilane 
(MPTS), (3-aminopropyl)trimethoxysilane (APTS), 10,12-
pentacosadiynoic acid (PCDA) and N,N'-diisopropylcarbodiimide 
(DIC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
N,N'-Diisopropylethylamine (DIEA) was purchased from Alfa 
Aeasar (Ward Hill, MA, USA). Chlroform (CHCl3), 
dichloromethane (DCM), ammonia aqueous solution (27%)  and 
ethanol (EtOH) were purchased from Daejung Chemicals 
(Gyeonggi-do, South Korea). 
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1.2. Preparation of Quantum Dot-Assembled Silica 
Nanoparticles Coated with Polydiacetylene 
Supramolecule (PDA-QD-SiO2 NPs) 
 
Immobilization of 10,12-pentacosadiynoic acid (PCDA) on 
SiO2 NPs and QD-SiO2 NPs 
 
 The bare SiO2 NPs and QD-SiO2 NPs (1 mL, 10 mg/mL in EtOH) 
were functionalized with amino groups by reacting with APTS (10 
mL) and ammonia aqueous solution (10 mL) for 12 h at 25°C. The 
resulting NPs were centrifuged at 7500 rpm for 5 min and washed 
with DMF and DCM. The PCDA monomer (80 mmol) was 
dissolved in DCM (10 mL), and sonicated for 20 min until it was 
fully dispersed. This PCDA monomer solution was added to the 
amine-functionalized NPs (1 mL, 10 mg/mL in DCM) with DIC 
(80 mmol) and DIEA (80 mmol). The reaction mixture was 
sonicated for 10 min and stirred for 12 h at 25°C. The NPs were 






Photo-Polymerization of PCDA Immobilized SiO2 NPs and 
QD-SiO2 NPs 
 
The PCDA monomer (10 mmol) was dissolved in CHCl3 (10 mL) 
and sonicated for 20 min until the PCDA monomer was fully 
dispersed, and then the solvent was evaporated. Then, water (10 
mL) was added to the remaining PCDA solid residue, and the 
resulting solution was sonicated for 20 min and filtered. To 
fabricate PDA-conjugated NPs, the PCDA immobilized SiO2 NPs 
or QD-SiO2 NPs (1 mL, 10 mg/mL in water) were dispersed in the 
PCDA monomer solution, and stored for 5 h at 4°C to self-
assemble the PCDA completely. Then, the mixture was exposed to 
UV (254 nm) for 5 min for obtaining PDA-QD-SiO2 NPs or PDA-
SiO2 NPs. The final NPs were centrifuged and washed with water. 
 
Applying Stress on PDA-QD-SiO2 NPs 
   
The prepared PDA-QD-SiO2 NPs were heated at 100oC for 5 min. 
Then the NPs were cooled to room temperature.  
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1.3. Analysis of Nanoparticles (NPs) 
 
Physical Property Analysis 
 
Transmission electron microscopy (TEM) analysis was 
performed on a Libra 120 (Carl Zeiss, Germany) operating at 120 
kV. High resolution transmission electron microscopy (HR-TEM) 
analysis was performed on a JEOL JEM-3010 (JEOL, Japan) 
operating at 300 kV. All the samples for TEM analysis were 
deposited on a 300 mesh holey carbon grid. Hydrodynamic size 
analysis was performed on a ELSZ-1000 dynamic light scattering 
(DLS) spectroscope (Otsuka, Japan). All the samples for DLS 
analysis were dispersed in EtOH.  
 
Optical Property Analysis 
 
Fluorescence photographs were obtained under ultra-violet (365 
nm) exposure powered by an UV source (Dong Seo Science, 
Korea). The samples were exposured at a point 15 cm away from 
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the 4 W lamp. Photoluminescence (PL) spectra were obtained 
using a FP-6500 fluorescence spectrometer (JASCO, Japan). All 
the samples for PL analysis were dispersed in EtOH and exposed 
to a laser source (390 nm).  
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1.4. Multiplexed Optical Detection of NPs 
 
To demonstrate the potential use for label-free and multiplexed 
detection on PDA-QD-SiO2 NPs, we mixed the PDA-QD-SiO2 
NPs and the heat treated PDA-QD-SiO2 NPs together in a 1:1 ratio 
in an aqueous solution and measured their fluorescence using a 
DeltaVision RT image resotration microscope (Applied Precision, 
USA) equipped with a RD-TR-PE filter (617 nm), a DAPI filter 




2. Results and Discussion 
 
2.1. Preparation of PDA-SiO2 NPs and PDA-QD-SiO2 
NPs 
 
The preparation method of the PDA-QD-SiO2 NPs, as a label-
free and multiplexed sensing-platform, is illustrated in Fig. 15. 
QD-embedded silica (QD-SiO2) NPs were prepared based on the 
method reported previously.107 The TEM images of silica NPs used 
for synthesis of QD-SiO2 NPs are shown in Fig. 16. QDs with 
different emission maxima at 490 and 540 nm (blue and green 
colors) were embedded on the silica NP surface as an encoder for 
designating the kind of target molecule, and the resulting NPs were 
encapsulated with a silica shell. As shown in Fig. 17a, the size of 
QD-SiO2 NPs was approximately 300 nm, which is larger than half 
of the illuminating wavelength, indicating that  the imaging 
resolution may not be restricted by the diffraction limit109. In 
addition, the QDs were densely embedded on the silica surface.  
Approximately 2,000 QDs were embedded per silica NP. These 






Figure 15. Scheme for the preparation of quantum dot (QD)-assembled 
silica nanoparticles bearing a polydiacetylene (PDA) supramolecule on 










Next, we introduced amino groups on the surface of QD-SiO2 
NPs with APTS to couple PCDA monomers for photo-
polymerization.111-115 Then, additional PCDA was added to QD-
SiO2 NPs bearing PCDA on their surface, and the resulting mixture 
was incubated at 4oC for 5 h for the PCDA monomers to self-
assemble on QD-SiO2 NPs surface. As shown in Fig. 17c, the 
PCDA monomers were stacked as multiple layers on the surface of 
QD-SiO2 NPs during incubation. After UV irradiation, 
polymerization of PCDA was initiated, and a 20 nm layer of PDA 
was formed on the surface of QD-SiO2 NPs as shown in Fig. 17b. 
After polymerization, we measured the hydrodynamic size of QD-
SiO2 NPs coated with PDA (PDA-QD-SiO2 NPs) using dynamic 
light scattering (DLS). As shown in Fig. 18, the hydrodynamic size 
of PDA-QD-SiO2 NPs was 600-900 nm, and the NPs contained a 







Figure 17. High resolution transmission electron microscopy (HR-TEM) 
images of QD-SiO2 NP, PCDA immobilized SiO2@QD NP, and PDA-
QD-SiO2 NP. Shell images of a) quantum dot (QD)-assembled silica 
nanoparticles (QD-SiO2 NPs), b) QD-assembled silica NPs bearing PDA 
on their surface (PDA-QD-SiO2 NPs) and c) PCDA immobilized QD-






Figure 18. The size distribution of PDA-QD-SiO2 NPs obtained by 




2.2. Optical Property Analysis 
 
PDA shows unique color change from blue to red with 
fluorescence emission in response to a diverse external stimuli 
such as optical exposure, applied stress, ligand–receptor 
recognition, temperature and pH change.116-118 The prepared PDA-
QD-SiO2 NPs were blue in color as shown in Fig. 19a. According 
to previous studies, blue-PDA does not emit fluorescence, whereas 
red and yellow-colored PDAs, induced by external stress including 
binding of target molecules, emit strong fluoresce.114 Therefore, a 
turn-on response of PDA fluorescence enabled us to recognize 
whether a target exists or not if PDA contains the ligand for that 
target. We heated the bluePDA-QD-SiO2 NPs at 100oC for 5 min 
to confirm that the color change in response to an external stimulus. 
As shown in Fig. 19b, the color of bluePDA-QD-SiO2 NPs 
changed to red (redPDA-QD-SiO2 NPs), indicating that they were 
able to report the binding event through the color change. Once the 
target of interest is detected by the color change, the target can be 
easily identified via the fluorescence of the QD encoder.  
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Next, we investigated the optical properties of both bluePDA-
QD-SiO2 NPs and redPDA-QD-SiO2 NPs to show that they can 
emit discrete PDA fluorescence for sensing and fluorescence of 
QDs for encoding without interference with each other. First, we 
analyzed the fluorescence images of the particles as shown in Fig. 
20. Fig. 20a and 20b show the fluorescence images of blueQD-
SiO2 NPs and greenQD-SiO2 NPs respectively, which exhibited 
bright photoluminescence (PL) with maxima at 490 and 540 nm, 
respectively. After introducing blue-PDA to the blueQD-SiO2 NPs 
or greenQD-SiO2 NPs, the color of the resulting particles 
(bluePDA-blueQD-SiO2 NPs, bluePDA-greenQD-SiO2 NPs) were 
identical with those particles without PDA (Fig. 20c and 20d), 
indicating that blue-PDA does not emit fluorescence. However, the 
fluorescence of redPDA-blueQD-SiO2 NPs and redPDA-
greenQD-SiO2 NPs changed slightly to light sky-blue and dark 
green, respectively, due to the overlap of the two different 
fluorescence spectra produced from each QD and the red-PDA (Fig. 
20e and 20f), clearly indicating that the red-PDA emits its own 










spectra of the PDA-QD-SiO2 NPs. To achieve efficient 
multiplexed detection, each fluorophore sources should be 
spectrally distinguished at simultaneous excitation.119,120 For this 
reason, those fluorophores need to emit at different wavelengths. 
As shown in Fig. 21a, blueQD-SiO2 NPs and greenQD-SiO2 NPs 
had discrete PL ranges without spectral overlap with that of 
redPDA-SiO2 NPs, indicating that they can report both the 
existence of a target through PDA fluorescence and the kind of 
target through the PL of QDs during an assay. The redPDA-SiO2 
NPs emitted two broad fluorescent bands at 570 nm and 640 nm, 
which were identical to that of the red-PDA films or liposomes 
reported previously.121 Fig. 21b and 21c show the fluorescence 
spectra of redPDA-blueQD-SiO2 NPs and redPDA-greenQD-SiO2 
NPs, respectively. The PL of the QDs could be clearly 
distinguished from the red-PDA fluorescence. This result 
demonstrates that PDA-QD-SiO2 NPs can reveal target 
information as well as the target binding event. The fluorescence 
intensity of the red-PDA was much lower than that of the QD (Fig. 






Figure 20. Photographs (top) and fluorescence images (bottom) of QD-
SiO2 NPs, PDA-QD-SiO2 NPs and PDA-SiO2 NPs. a) blueQD-SiO2 NPs, 
b) greenQD-SiO2 NPs, c) bluePDA-blueQD-SiO2 NPs, d) bluePDA-
greenQD-SiO2 NPs, e) redPDA-blueQD-SiO2 NPs, f) redPDA-







Figure 21. Photoluminescence spectra of a) blueQD-SiO2 NPs (blue), greenQD-SiO2 NPs (green), redPDA-SiO2 NPs 
(red), b) redPDA-blueQD-SiO2 NPs and c) redPDA-greenQD-SiO2 NPs. Red lines in b) and c) are the fluorescence spectra 
emitted from the red-PDA. The fluorescence spectra of the QDs were normalized by their highest intensity at 493 nm 
(blue) and 540 nm (green), respectively, and the fluorescence spectra of red-PDA were normalized by their highest 







Figure 22. Photoluminescence spectra of a) redPDA-SiO2 NPs, b) 
redPDA-blueQD-SiO2 NPs and c) redPDA-greenQD-SiO2 NPs. Red 




2.3. Possibility of Multiplexed Optical Detection 
 
To demonstrate the potential for label-free and multiplexed 
detection on PDA-QD-SiO2 NPs, we mixed redPDA-blueQD-SiO2 
NPs and bluePDA-greenQD-SiO2 NPs together in a 1:1 ratio in an 
aqueous solution and measured their fluorescence using image 
restoration microscopy (IRM) with an RD-TR-PE filter (617 nm), 
a DAPI filter (457 nm), and a YFP filter (535 nm). As shown in 
Fig. 23, the red fluorescence image (Fig. 23b) was clearly observed 
under the red filter (RD-TR-PE, emission: 617/73 nm), which was 
produced from red-PDA on redPDA-blueQD-SiO2 NPs (Fig. 23a). 
In addition, a blue fluorescence image produced from the QDs of 
redPDA-blueQD-SiO2 NPs was obtained under a blue filter (DAPI, 
emission: 457/50 nm), as shown in Fig. 23c. If we assume that the 
red-PDA fluorescence was caused by binding of the target 
molecule on the bluePDA-blueQD-SiO2 NPs, we could easily 
detect the target through the turn-on signal of the fluorescence 






Figure 23. Microscopic images of redPDA-blueQD-SiO2 NPs and 
bluePDA-greenQD-SiO2 NPs mixture. a) Optical image, b) fluorescence 
image of the NPs under a red filter (RD-TR-PE, emission: 617/73 nm), 
c) under a blue filter (DAPI, emission: 457/50 nm), d) a under green filter 
(YFP, emission: 535/20 nm).110 
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be readily identified via the blue PL of the QDs. When there is no 
target molecule in the sample, the red fluorescence of the PDA 
would not be observed, whereas the green PL of the QDs in 
bluePDA-greenQD-SiO2 NPs (striped arrow at Fig. 19a) for 
encoding would still remain bright (Fig. 23d). These results clearly 
demonstrate the potential of PDA-QD-SiO2 NPs system for label-
free, multiplexed detection of target molecules in a bioassay, as 






Figure 24. Schematic illustration of multiplexed and label-free 





We have demonstrated the possibility of using QD-assembled 
silica NPs coated with a PDA supramolecule for label-free, 
multiplexed detection of target molecules. PDA-QD-SiO2 NPs 
emitted a discrete range of fluorescence from a PDA layer and from 
QDs without overlap or quenching. The fluorescence of PDA on 
the PDA-QD-SiO2 NPs was effectively turned on in response to an 
external stress, which was successfully imaged and readily 












1. Experimental Section 
 
1.1. Chemicals and Materials 
 
All chemicals were used as received without further purification. 
A dispersion of Fe3O4 NPs (18 nm in average diameter, oleate-
stabilized in toluene) was purchased from Ocean Nanotech, USA. 
Polyvinylpyrrolidone (PVP-10K), tetraethyl orthosilicate (TEOS), 
and 3-mercaptopropyltriethoxysilane (MPTS) were purchased 
from Sigma-Aldrich, Korea. Diethyl ether (anhydrous), 
dimethylformamide (DMF), dichloromethane (DCM), ethanol 
(EtOH), and ammonia aqueous solution (27%) were obtained from 
Daejung Pharm, Korea. A dispersion of QDs (core-multishell 
structure composed of CdSe@CdS@ZnS, ca. 4.5 nm in average 
diameter, oleate-stabilized in toluene) was purchased from 
Nanosquare, Korea.  
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1.2. Preparation of Silica-Coated F3O4 NPs 
 
Ligand Exchange of Oleate-Stabilized Fe3O4 NPs with 
Polyvinylpyrrolidone (PVP) 
 
A 0.2-mL mixture of oleate-stabilized Fe3O4 NPs in toluene was 
transferred to a 10-mL vial and diluted with 5 mL of DMF-DCM 
(1:1, v/v). Then, 60 mg of PVP was added and stirred overnight at 
100oC. After the reflux, the reaction mixture was added to diethyl 
ether (10 mL), and subsequently precipitated to obtain PVP-
stabilized Fe3O4 NPs. The precipitate was centrifuged at 4500 rpm 
for 5 min and then transferred to 6.5 mL of EtOH to facilitate the 
formation of a stable dispersion of Fe3O4 NPs. 
 
Silica Coating on PVP-Stabilized Fe3O4 NPs 
 
Silica coating procedure on PVP-stabilized Fe3O4 NPs was 
followed by a modified Stöber method. A 0.28-mL solution of 
ammonia aqueous solution was added to the EtOH dispersion of 
PVP-stabilized Fe3O4 NPs (6.5 mL), followed by the addition of 
 
 71
TEOS (6.5 µL). The reaction mixture was stirred overnight at 25oC. 
The silica-coated Fe3O4 NPs were then centrifuged at 10,000 rpm 
for 1 h, washed repeatedly with EtOH, and re-dispersed in distilled 
water. A 4 mL solution of TEOS in EtOH (3 vol%) was added to 
the silica-coated Fe3O4 NPs (M-SiO2 NPs) dispersion, and then 
stirred for one day. The resulting M-SiO2 NPs were centrifuged at 
7,000 rpm for 10 min and re-dispersed in EtOH.  
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1.3. Preparation of Silica-Coated Quantum Dot-
Assembled Magnetic Nanoparticles (M-QD-SiO2 NPs) 
 
Thiol groups were introduced to the surface of M-SiO2 NPs (5 
mL, 0.6 mg/mL suspension in EtOH) by adding MPTS (25 μL) and 
ammonia aqueous solution, and followed by stirring overnight at 
25oC. These thiol-functionalized M-SiO2 NPs were then washed 
three times with EtOH and re-dispersed in EtOH. The resulting 
NPs (1 mL, 10 mg/mL in EtOH) were subsequently added to olleic 
acid-coated QDs containing DCM solution (4 mL, 1.75 mg/mL), 
and vigorously stirred for 3 min. Subsequently, MPTS (55 μL) and 
ammonia aqueous solution were added to the M-QD-SiO2 NPs 
mixture, and shaken for 1 h at 25oC. The resulting mixtures were 
then washed with EtOH, dispersed in EtOH (5 mL) containing 
TEOS (55 µL) and ammonia aqueous solution (55 μL), and stirred 
overnight. The resulting M-QD-SiO2 NPs were washed three times 
with EtOH and subsequently dispersed in EtOH. 
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Transmission electron microscopy (TEM) analysis was 
performed on a Libra 120 (Carl Zeiss, Germany) operating at 120 
kV. All the samples for TEM analysis were deposited on a 300 
mesh holey carbon grid. Hydrodynamic size and degree of 
dispersion of the NPs were determined using a Nanosight LM10. 
All the samples for DLS analysis were dispersed in EtOH.  
 
Optical and Magnetic Property 
 
Ultraviolet-visible (UV-Vis) absorption spectra were obtained 
with an Optigen 2120UV. Photoluminescence (PL) spectra were 
obtained with a Perkin-Elmer LS55. The QY of prepared NPs was 
obtained with a JASCO FP-6500, equipped with an integrating 
sphere and a QY calculation program. The fluorescence decay of 
prepared NPs was obtained with time-correlated single photon 
counting (TCSPC) technique using 405 nm diode laser at a 
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repetition rate of 10 MHz. 
Field-dependent magnetization of the Fe3O4–based NPs was 
performed with a Quantum Design PPMS-14. 
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1.5. Confocal Laser Microscopy and Flow 
Cytometric Analysis 
 
Confocal Laser Microscopic Analysis 
 
For confocal microscopy analysis, MDA-MB-231 cells (1 × 105) 
were seeded on clean coverslips in a 6-well plate, followed by 
incubation at 37oC for 24 h. The cells were rinsed with phosphate 
buffered saline (PBS), treated with M-QD-SiO2 NPs (40 mg/mL in 
PBS), and incubated at 37oC for 1 h. The cells treated with M-QD-
SiO2 NPs were fixed by treating with 4% paraformaldehyde 
solution (Affymetrix, USA) for 15 min. The cells were thoroughly 
washed three times with PBS and attached to the coverslip using a 
mounting solution containing 4´,6-diamidino-2-phenylidole 
(DAPI) solution (Vector Laboratories, USA). Confocal 
microscopy images were obtained using a Zeiss LSM 510.  
 
Magnetic Field-Assisted Cell Separation and Flow Cytometric 
Analysis 
 
For magnetic separation of NP-treated cells, each of the two 
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types of NPs, namely, non-magnetic redQD-SiO2 NPs and 
magnetic M-greenQD-SiO2 NPs (40 mg/mL in PBS), were 
incubated with MDA-MB-231 cells at 37oC. After 1 h, the NPs-
treated cells were harvested and combined. A magnet was located 
on 1 mm distance of the well plate, and the floating cells were 
incubated with the magnet at room temperature for 4 h. After an 
additional 24 h of incubation at 37oC in the absence of the magnet, 
the cells were fixed and analyzed with confocal microscopy. Flow 
cytometric analysis (BD FACS Calibur-2, USA) was performed 
with a cell mixture composed of the same numbers of redQD-SiO2 
NPs-internalized and M-greenQD-SiO2 NPs-internalized cells. 
The mixture was analyzed by laser excitation at 488 nm, with 
530/30 nm and 661/16 nm emission filters.
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2. Results and Discussion 
 
2.1. Preparation of M-QD-SiO2 NPs 
 
M-QD-SiO2 NPs (Fig. 25) were prepared from M-SiO2 NPs, 
which were synthesized by using the method described 
previously.122 Briefly, the M-SiO2 NPs were prepared by 
encapsulating Fe3O4 NPs with a silica layer by a modified Stöber 
method 123. First, amphiphilic PVP was used to replace oleic acid 
as the surface ligand of the Fe3O4 NPs (18 nm in average diameter) 
to obtain a hydrophilic surface. As shown in Fig. 26a and 26b, the 
size and shape of the Fe3O4 NPs remained unchanged during the 
ligand exchange process. The M-SiO2 NPs were formed after 
reacting with TEOS and ammonium hydroxide, as shown in the 
TEM image of Fig. 26c. The resulting NPs have a magnetic core 
and silica shell, exhibiting uniform average particle size (75 ± 2.6 
nm) and hydrodynamic size (~200 nm) (Fig. 27a). The size 
distribution of the prepared NPs were determined from TEM 
images of randomly selected 50 samples.  













Figure 26. TEM images of NPs at each step of the synthesis. a) Oleate-







Figure 27. Hydrodynamic size distribution analysis of NPs. a) M-SiO2 
NPs, b) M-QD-SiO2 NPs.124
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acid-coated CdSe@CdS@ZnS QDs onto the silica surface. For this, 
we introduced thiol groups which is well known to have strong 
coordination ability with metal surface such as metal oxides 125, 
InP 126 and metal sulfides.127 The M-SiO2 NPs were functionalized 
with a thiol silane coupling monomer, MPTS, for facile 
immobilization of the CdSe@CdS@ZnS QDs. The QDs 
immobilization and silica shell addition were performed by using 
the same method previously described.107 First, controlled amounts 
of EtOH solution containing the thiol-functionalized M-SiO2 NPs 
and DCM solution containing QDs were mixed. The thiol groups 
of M-SiO2 NPs interacted with the Zn atoms on the surface of 
CdSe@CdS@ZnS QDs, replacing organic ligands.16 Subsequently, 
MPTS was added to the QDs-immobilized M-SiO2 NPs to replace 
the remained organic ligands and hydrolyzed into silanol groups, 
forming thin silica-shell precursor on the surface of NPs. The QDs 
were embedded in the surface of silica as ca. 0.9 unit per 100 nm2, 
which is more QD-densed structure compared to the QD-SiO2 NPs. 
The NPs were then encapsulated with a silica shell by TEOS. As 
shown in Fig. 22d, the size of M-QD-SiO2 NPs was ~100 nm, 
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which is slightly larger than that of bare Fe3O4@SiO2 NPs. Slight 
increase of the size is due to the addition of QDs and additional 
silica shell layer on the surface. Significant aggregation of NPs was 
not detected (Fig. 23b) and the obtained NPs were uniform in size 
(97 ± 4.8 nm).Three types of NPs were fabricated through this 
procedure. Two types of QDs, which have fluorescence emission 
maxima at 620 nm and 540 nm respectively, were used in this study. 
The NPs which contain "red-QDs" were fabricated using QDs 
which have emission maxima at 620 nm, and other NPs which 
contain "green-QDs" were fabricated using QDs which have 


























540 nm Fe3O4@SiO2 NPsb 
a : NPs were fabricated using general Stöber method123 
b : NPs were fabricated using by encapsulating PVP-coated Fe3O4 NPs122
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2.2. Optical Property of M-QD-SiO2 NPs 
 
The fluorescence properties of the NPs were analyzed. The M-
redQD-SiO2 NPs and M-greenQD-SiO2 NPs were excited at 350 
nm wavelength using a xenon lamp. Both of them exhibited bright 
photoluminescence with emission maxima at 620 and 540 nm (Fig. 
24a) respectively, which are identical with the original single QDs 
(Fig. 24b). The QY of the prepared NPs was obtained with a 
JASCO FP-6500, equipped with an integrating sphere and a QY 
calculation program. The prepared NPs were excited by a light 
source of 450 nm wavelength, and the measured number of 
irradiated/luminescent photons and the ratio of absorbed photons 
were analyzed by the following equation. 
  
  	 (%) =  	 	   	ℎ 	 	 	ℎ
=  		   	ℎ 	 	 	ℎ ×  	 	 	ℎ  
 




Figure 28. Optical property of M-QD-SiO2 NPs and single QDs. UV 
absorption (dashed line) and fluorescence emission (straight line) 
spectrum of (a) red and green QDs-embedded M-QD-SiO2 NPs (red and 
green lines) and M-SiO2 NPs (black line) (inset: photographs of M-




of the M-redQD-SiO2 NPs was determined to be 57%, which is 
slightly less than that (71%) of the bare redQD-SiO2 NPs. The QY 
of original green QDs in DCM solution was quantified as 70%, and 
the QY of greenQD-SiO2 NPs and M-greenQD-SiO2 NPs were 63% 
and 40%, respectively. Since the M-SiO2 NPs have a broad 
absorption spectrum in the UV and visible range, both excitation 
light source and QDs fluorescence could be absorbed by Fe3O4 
NPs. Furthermore, as the absorption of Fe3O4 NPs decreases in the 
longer wavelength, the smaller loss of QY in M-redQD-SiO2 NPs 
than M-green-SiO2 NPs could be explained.128,129  
To clarify if other factors are involved for giving the QY 
differences between the M-QD-SiO2 NPs and QD-SiO2 NPs, 
TCSPC detection was carried out. As shown in Fig. 29, M-QD-
SiO2 NPs show short fluorescence lifetime compared to QD-SiO2 
NPs. In general, the reduction of fluorescence lifetime is mainly 
caused by various non-radiational energy transfer processes 
including Förster resonance energy transfer (FRET).130,131 For M-
QD-SiO2 NPs, there are two possible fluorescence acceptors for 
these process. First, Fe3O4 NP in the center of M-QD-SiO2 NP 
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could be considered as an energy acceptor against QDs fluorscence.  
Fe3O4 NPs associated FRET as an acceptor has been widely 
studied so far.132,133 However, it is hard to be applied for M-QD-
SiO2 because FRET requires short distance between donor and 
acceptor, within 10 nm.42,134,135 The distance between QDs and 
Fe3O4 NP in M-QD-SiO2 is ca. 30 nm. Secondly, the densely 
packed QDs on the surface of M-QD-SiO2 NPs could act as energy 
acceptors to the adjacent QDs and reduce the fluorescence 
lifetime.136 Since M-QD-SiO2 NP had higher density of QDs per 
surface area (~ 0.9 unit/100 nm2) compared to that of QD-SiO2 NP 








Figure 29. Fluorescence decay (405 nm excitation) of redQD-SiO2 NPs 
(blue) and M-redQD-SiO2 NPs (red) monitored at 583/75 nm and the 
corresponding instrument response function. The decays were fitted 
using a multi-exponential function and exhibited at least two distinct 
lifetimes (τ1 and τ2).124
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2.3. Magnetic Property of M-QD-SiO2 NPs 
 
The magnetic properties of the M-QD-SiO2 NPs were also 
measured to demonstrate that they can be employed for cell 
separation. The field-dependent magnetism of the M-QD-SiO2 
NPs at 300 K exhibited super-paramagnetic characteristics (Fig. 
26), with a saturated magnetization of ~1.25 emu/g. Furthermore, 
the NPs could be collected easily using a NdFeB magnet (Fig. 27a) 
and then clearly re-dispersed under gentle agitation. After agitation, 
the M-QD-SiO2 NPs were found to be well-dispersed in various 















Figure 31. a) NP separation using NdFeB Magnet, b) dispersed M-QD-
SiO2 NPs in various solvents.124
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2.4. Magnetic Field-Assisted Cell Separation 
 
To show that the M-QD-SiO2 NPs could be exploited for cell 
separation, in vitro analysis was subsequently performed using 
both fluorescence and magnetic field. The natural cell uptake of 
the prepared NPs was confirmed by incubating MDA-MB-231 
human breast cancer cells with M-QD-SiO2 NPs at 37oC for 1 h. 
Confocal microscopy images (Fig. 28a) confirmed that most of M-
QD-SiO2 NPs were accumulated in the cytoplasm of the cells by 
natural endocytosis. In order to verify the applicability of M-QD-
SiO2 NPs in FACS experiments, cells containing red or green QDs-
embedded NPs were then analyzed using flow cytometry. Each cell 
was excited by a 488-nm laser source. As shown in the scatter plots 
Fig. 28b, the cells can be clearly distinguished with the 661/16 nm 
and 530/30 nm emission filters. These results indicate that cells 
containing M-QD-SiO2 NPs are suitable to use with flow 
cytometry. 
Furthermore, the ability of the M-QD-SiO2 NPs for use in  






Figure 32. Cellular internalization assessment of M-QD-SiO2 NPs. a) 
Fluorescence images of MDA-MB-231 cells that internalized M-redQD-
SiO2 NPs (upper panel) and the cells that internalized M-greenQD-SiO2 
NPs (lower panel). b) Scatter plot of the fluorescence-activated cell 
sorting (FACS) analysis of the cells that had internalized either M-
redQD-SiO2 NPs or M-greenQD-SiO2 NPs.124 
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internalized non-magnetic redQD-SiO2 NPs or M-greenQD-SiO2 
NPs were mixed in equal amounts and placed on a 6-well plate 
near a NdFeB magnet for 4 h. The regions of the plate adjacent to 
and distant from the magnet were simultaneously excited by a 405-
nm laser and examined using confocal microscopy. As shown in 
Fig. 29, the cells that contained M-greenQD-SiO2 NPs were mostly 
observed in regions near the magnet, while the cells that contained 
non-magnetic redQD-SiO2 NPs were located at the region distant 
from the magnet; i.e., most of the magnetized cells were 
accumulated close to the magnet. These results demonstrate the 








Figure 33. Illustration of magnetic field-assisted cell separation using 
M-QD-SiO2 NPs and microscopic images of the separated cells 
containing either magnetic M-greenQD-SiO2 NPs or nonmagnetic 




3. Conclusion  
 
Multifunctional NPs of uniform size that have strong 
fluorescence and super-paramagnetic properties were fabricated by 
immobilizing QDs onto the surface of silica-coated iron oxide NPs. 
The applicability of M-QD-SiO2 NPs in flow cytometry and 
magnetic-assisted cell separation was demonstrated. Our results 
prove that M-QD-SiO2 NPs have a great potential for use in 




Chapter IV. Fabrication of 
Superparamagnetic Iron 
Oxide Nanoparticles-




1. Experimental Section 
 
1.1. Chemicals and Materials 
 
All chemicals were used as-received without further purification. 
A dispersion of Fe3O4 NPs (mean diameter, 18 nm, oleate-
stabilized in chloroform) was purchased from Ocean Nanotech 
(Springdale, AR, USA). Polyvinylpyrrolidone (PVP-10K), 
tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane 
(APTS), succinic anhydride, dopamine hydrochloride, biotin, 
streptavidin-conjugated fluorescein isothiocyanate (streptavidin-
FITC), N-hydroxysuccinimide (NHS), 4-dimethylaminopyridine 
(DMAP), and N,N‘-diisopropylcarbodiimide (DIC) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Diethyl 
ether (anhydrous), dimethylformamide (DMF), dichloromethane 
(DCM), ethanol (EtOH), isopropyl alcohol (IPA), and ammonium 
hydroxide (28 wt% in water) were obtained from Daejung 
Chemicals (Daejeon, Korea). N,N-Diisopropylethylamine (DIEA) 
was purchased from Alfa Aesar (Ward Hill, MA, USA). Absolute 
ethanol (99.5%, HPLC grade) was purchased from Carlo Erba 
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(Milan, Italy). 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyl 
uronium hexafluorophosphate (HBTU) and hydroxybenzotriazole 
hydrate (HOBt) were purchased from Beadtech (Seoul, Korea). 
Mouse embryonic fibroblast cell line NIH 3T3, human 
caucasian prostate adenocarcinoma cell line PC-3, human 
glioblastoma astrocytoma cell line U-87 MG were obtained from 
the Korean Cell Line Bank (Seoul, Korea). All cells were cultured 
at 37 °C with 5% CO2 under fully humidified conditions, 
supplemented with 10% fetal bovine serum (FBS) (Invitrogen, 
Grand Island, NY, USA), 10 U/mL of penicillin (Invitrogen, Grand 
Island, NY, USA), and 10 μg/mL of streptomycin. 
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1.2. Preparation of Single-Layer (SL M-SiO2 NPs) 
and Double-Layer Magnetic Nanoparticle-
Embedded Silica Nanospheres (DL M-SiO2 NPs) 
 
Synthesis of Dopamine-Conjugated SiO2 NPs 
 
The synthetic procedure of SiO2 NPs was previously described 
in Chapter 1. Amine groups were introduced to the SiO2 NPs (2 
mg/mL, 20 mL in EtOH) with APTS (100 µL) and ammonium 
hydroxide (100 µL) for 18 h. The reaction mixture was centrifuged 
at 7,000 rpm for 15 min, and the resulting SiO2 NPs were washed 
several times with EtOH, and re-dispersed in DMF. The amine-
functionalized SiO2 NPs (2 mg/mL, 20 mL in DMF) were reacted 
with succinic anhydride (40 mg) and DIEA (40 µL). The reaction 
mixture was stirred for 3 h and washed with DMF several times by 
centrifugation. The carboxyl group ended-SiO2 NPs (2 mg/mL, 20 
mL in DMF) were reacted with dopamine hydrochloride (56 mg) 
and the two equivalent of HOBt, HBTU, and DIEA for 3 h. The 
dopamine-loaded SiO2 NPs were washed several times with DMF 




Ligand Exchange of Oleate-Stabilized Fe3O4 NPs with PVP 
 
The ligand exchange procedure of oleate-stabilized Fe3O4 NPs 
with PVP was previously described in Chapter 3.  
 
Preparation of Single-Layer and Double-Layer Magnetic 
Nanoparticle-Embedded Silica Nanospheres 
 
Dopamine-conjugated SiO2 NPs (0.2 mg/mL DMF, 5 mL in 
DMF) were poured into a PVP-stabilized Fe3O4 NPs solution (0.14 
mg/mL, 5 mL in EtOH) and sonicated for 1 h. The reaction mixture 
was centrifuged at 7,000 rpm for 10 min, and washed three times 
with IPA and dispersed in IPA. TEOS (50 µL) and ammonium 
hydroxide (125 µL) were added to the Fe3O4 NPs-immobilized 
SiO2 NP suspension (0.2 mg/mL, 5 mL in IPA) and stirred for 18 
h. The reaction mixture was centrifuged and washed several times 
with EtOH and dispersed in EtOH. The DL MNPs were 
synthesized from SL MNPs by repeating the same process. 
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1.3. Characterization of SL M-SiO2 NPs and DL M-
SiO2 NPs 
 
Physical Property Analysis 
 
Transmission electron microscopic (TEM) images of the 
prepared NPs were obtained with a JEOL JEM1010 (Tokyo, Japan) 
for normal use and with a JEOL JEM 3010 (Tokyo, Japan) for high 
resolution analysis, respectively. Hydrodynamic size and the 
degree of dispersion of the NPs were determined by using the 
dynamic light scattering spectrometer, Nanosight (LM10). 
Fluorescence microscopic images were obtained with a Perkin-
Elmer LS55 instrument (Waltham, MA, USA). Field-dependent 
magnetization of the DL M-SiO2 NPs was measured with the 
Quantum Design PPMS-14 instrument.  
 
Magnetic Property Analysis 
 
Three types of NPs (SL M-SiO2 NPs, DL M-SiO2 NPs, and 
silica-coated Fe3O4 NPs) were dispersed in a 50 mL tube with 
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EtOH. The NPs were attracted with a NdFeB magnet, and a 10 µL 
aliquot of solution was harvested at 0, 1, 2, 3, 5, 10, and 30 min. 
The concentrations of the initial and harvested NPs were analyzed 




A 0.25 mg portion of SL M-SiO2 NPs was added to three kinds 
of buffer solutions; pH 4.0 potassium hydrogen phthalate buffer 
(50 mM, 1 mL), pH 7.0 potassium hydrogen phosphate buffer (50 
mM, 1 mL), and pH 10 sodium borate buffer (50 mM, 1 mL), 
respectively. After storage for one week at 25˚C, the NP samples 
were collected for analysis. 
For stability analysis in cell culture medium, a 0.25 mg portion 
of the SL M-SiO2 NPs was added into cell culture medium (10% 
FBS, 10 U/mL of penicillin, and 10 μg/mL of streptomycin) and 






Cell Viability Analysis 
 
Three types of cell lines, NIH 3T3, PC-3 and U-87 MG, were 
inoculated at conctration of 5 × 103 cells in a 96-well microplate, 
respectively, and DL M-SiO2 NPs of increasing concentration, 
ranging from 25 to 200 μg, were transferred to each of the seeded 
cells. After incubation for 24 h at 37°C, the cellular toxicity was 
examined using a simple cellular toxicity kit, cell counting kit-8 
(CCK-8) (Dojindo Molecular Tech, Inc, Rockville). The incubated 
cell medium was clearly removed via a phosphate buffered saline 
(PBS) washing step, and 10 μ L of the CCK-8 solution containing 
fresh cell medium were placed into each 96-well microplate. After 
incubation of the CCK-8-treated samples for 2 h, their absorbance 
at 450 nm was recorded using a microplate reader. 
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1.4. Magnetic Field-Assisted Protein Separation 
 
DL M-SiO2 NPs (0.2 mg/mL, 5 mL in EtOH) were reacted with 
APTS (50 µL) and ammonium hydroxide (50 µL) at room 
temperature for 12 h. The reaction mixture was washed several 
times with EtOH and re-dispersed in DMF. The resulting amine-
functionalized NPs (1 mg/mL, 1 mL in DMF) were reacted with 
biotin (2.44 mg) and the same equivalent of HBTU, HOBT, and a 
two equivalent of DIEA for 3 h. The reaction mixture was washed 
several times with DMF and redispersed in PBS buffer (10 mM, 
pH 7.4). The biotin-conjugated DL M-SiO2 NPs (1 mg/mL, in 1 
mL PBS) were mixed with a streptavidin-FITC conjugate (5 
mg/mL, 20 µL) and stirred for 1 h. Then, the mixture was washed 
three times with PBS buffer. The streptavidin captured M-SiO2 NP 
suspension was collected using a NdFeB magnet, and resuspended 
in fresh PBS buffer. The resuspended samples were analyzed under 
a confocal-optical microscope. 
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2. Results and Discussion 
 
2.1. Preparation of SL M-SiO2 NPs and DL M-SiO2 
NPs 
 
To solve the problem of “slow accumulation and low separation 
yield of single Fe3O4 NPs”, large numbers of Fe3O4 NPs were 
immobilized onto silica template particles by applying two 
strategies.  
First, surface modification for constructing SiO2@multi Fe3O4 
NPs composite structure. To immobilize Fe3O4 NPs onto silica 
surface densely and to prevent detaching the immobilized Fe3O4 
NPs from it during further silica coating, we modified the surface 
of SiO2 NPs with dopamine (dop-SiO2 NPs), which could form a 
catecholate-iron complex with Fe3O4 NPs. As expected, Fe3O4 NPs 
were densely immobilized onto the dop-SiO2 NP surface.  
Second, loading large numbers of Fe3O4 NPs onto silica NPs by 
forming multilayered structure. With our surface modification 
method, ~400 units of Fe3O4 NPs were immobilized onto the 
surface of silica core particle. And, additional ~800 units of Fe3O4 
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NPs were loaded onto the surface of SL M-SiO2 NP.  
The fabrication flow for the proposed DL M-SiO2 NPs is 
illustrated in Fig. 34. The DL M-SiO2 NPs had a core-shell 
structure; multiple Fe3O4 NPs were placed on the shell of the silica 
core as a laminated double-layer structure. The silica NPs were 
used as the core template for easy handling and reproducible 
preparation. The Fe3O4 NPs immobilized double-layer was 
designed to increase the loading level of the MNPs on the silica 
nanostructure to achieve a strong magnetic property. The surface 
of DL M-SiO2 NPs was finally covered with a silica layer for 
biocompatibility and easy functionalization. 
The DL M-SiO2 NPs were fabricated using the following 
procedure. First, the core silica NPs were prepared using the Stöber 
method.123 The silica NPs were spherical with a diameter of ~200 
nm. Then, carboxylic group-ended silica NPs (SiO2-COOH NPs) 
were prepared using a general surface modification method with 
APTS137 and succinic anhydride.138 A sidrophore-inspired method 




Figure 34. Synthetic scheme for the Fe3O4 NPs single-layered silica NPs (SL M-SiO2 NPs) and Fe3O4 NPs double-layered 
silica NPs (DL M-SiO2 NPs).139  
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the silica NPs,140,141 Dopamine was introduced on the surface of 
the SiO2-COOH NPs by forming an amide bond. The 18 nm-sized 
amphiphilic PVP-stabilized Fe3O4 NPs (Fig. 26c), which were 
prepared separately, were immobilized on the dopamine-
conjugated SiO2 NPs (dop-SiO2 NPs) by forming a catecholate-
iron complex. As shown in Fig. 35a, Fe3O4 NPs were densely 
immobilized on the dop-SiO2 NP surface (~400 Fe3O4 NP 
units/silica core particle). The catecholate-iron complex between 
the PVP-coated Fe3O4 NPs and the dop-SiO2 NPs maintained their 
structure even after 1 h of sonication. To identify the phase of 
exploited Fe3O4 NPs before and after ligand exchange, each of 
oleate-stabilized Fe3O4 NPs and the immobilized ones on 
dopamine-coated SiO2 NPs were analyzed using high resolution 
transmission electron microscope (HR-TEM), respectively. The 
distance between two adjacent planes of oleic acid-stabilized 
Fe3O4 NP is measured to be 4.9 Å (Fig. 36a), corresponding to the 
typical parameter of (111) plane of the inverse spinel structured 
Fe3O4. The immobilized Fe3O4 NPs onto dopamine-coated SiO2 






Figure 35. Transmission electron microscopic (TEM) images of the 
prepared magnetic NPs. Images of a) Fe3O4 NPs-immobilized SiO2 NPs, 







Figure 36. Lattice fringes of Fe3O4 NPs before and after the ligand 
exchange. HR-TEM images of a) oleate-stabilized Fe3O4 NPs and b) 
immobilized Fe3O4 NPs onto the surface of dopamine-conjugated SiO2 
NPs. Arrows indicate the distance between two adjacent planes.139
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(220) plane of Fe3O4 (Fig. 36b). These results demonstrate that 
Fe3O4 NPs maintained their structure after the ligand exchange. 
TEOS was added to the Fe3O4 NPs-immobilized SiO2 NPs to 
form the silica shell. The resulting SL M-SiO2 NPs were 
encapsulated in a monodispersed manner with a silica shell of ~30 
nm thickness, without forming aggregations as shown in Fig. 35b. 
The remaining PVP moiety on the NP surface may have affected 
successful silica coating because its amphiphilic character could 
enhance affinity between Fe3O4 NPs and silica.142 The size of SL 
M-SiO2 NPs was ~300 nm, and the number of immobilized Fe3O4 
NPs remained the same after silica coating. DL M-SiO2 NPs were 
prepared by repeating the aforementioned method. As a result, 
~800 units of Fe3O4 NPs were additionally loaded onto the NPs, as 
shown Fig. 35c. The two-fold higher Fe3O4 NPs loading on SL M-
SiO2 NPs than the bare dop-SiO2 NPs was the result of an almost 
two-fold larger surface area. 
After introducing additional Fe3O4 NP layers and a silica shell 
(~30 nm), the size of DL M-SiO2 NPs was increased to ~400 nm, 
as shown in Fig. 35d. The prepared NPs were uniform in size and 
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no aggregation of M-SiO2 NPs was detected. In addition, ~1,200 
Fe3O4 NP units were successfully packed onto a single silica 
nanostructure due to the high affinity between the catechol moiety 




2.2. Magnetic Property Analysis 
 
We investigated the magnetic properties of SL M-SiO2 NPs and 
DL M-SiO2 NPs. There have been enormous amounts of studies on 
the MNPs-exploited biomolecule separation. Most of the studies 
have focused on target cell separation, gaining more than 70-90% 
separation efficiency.143-145 Even though magnetic strength of the 
exploited MNPs is low, high separation efficiency could be 
obtained, if large number of MNPs is attached to a single cell. On 
the other hand, to obtain high efficiency in separating smaller 
biomolecules, magnetic strength of a single MNP itself is a critical 
issue. First, we analyzed the accumulation kinetics of MNPs using 
an external magnetic field. Samples of SL M-SiO2 NPs, DL M-
SiO2 NPs, and silica-coated Fe3O4 NPs in a 1.5 mL microtube were 
separated with a NdFeB magnet. The silica-coated Fe3O4 NPs (Fig. 
22c) were prepared by using our previously reported method.122 To 
obtain the accumulation rate of MNPs, the following procedure 
was followed, as shown in Fig. 37a. First, we measured the 
concentration of NPs in MNPs-dispersed ethanol solution as the 
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initial concentration (Ci). The concentration of NPs was analyzed 
using Nanosight LM10 (Malvern Instrument). Subsequently, we 
put a NdFeB magnet at a distance of 1 mm from the NPs 
suspension. At each time intervals after placing the magnet, a small 
portion of the remnant NPs suspension was removed and its 
concentration (Cr) was measured. The accumulation rate was 
obtained by subtracting Cr from Ci. The concentration of MNPs 
was measured at selected time intervals (1, 2, 3, 5, 10, and 30 min 
after placing the magnet). As shown in Fig. 37b, DL M-SiO2 NPs 
were collected more efficiently than silica-coated Fe3O4 NPs or SL 
M-SiO2 NPs. Although the SL M-SiO2 NPs showed a better 
accumulation profile compared to that of the silica-coated Fe3O4 
NPs, both NPs gave a saturated plateau before full recovery. The 
surface charge of the MNPs could cause a charge-charge repulsion, 
which might lead to incomplete accumulation of NPs. However, 
all DL M-SiO2 NPs accumulated quantitatively in 30 min, 
indicating that DL M-SiO2 NPs contained a sufficient number of 
Fe3O4 NPs to overcome the repulsive interactions of the silica-
coated NPs. In addition, as time elaped, the magnetic accumulation 
 
 116
speed of all types of MNPsbecame slow. This phenomenon is well 
matched with the previously reported magnetic separation kinetics 
of single-domain NPs.146,147 Under external magnetic fields, the 
single-domain NPs are known to form transient aggregation, which 
is magnetically more responsive than individual NPs. The 
separation of single-domain NPs would be mainly driven by this 
aggregation of NPs rather than individual NP itself. This makes the 
accumulation rate of single-domain NPs highly dependent on the 
concentration of NPs. Hence, as Cr decreases during the magnetic 
separation, the accumulation rate of MNPs will be slow down.  
The field-dependent magnetism of the DL M-SiO2 NPs at 300 K 
exhibited superparamagnetic characteristics (Fig. 38), with a 
saturated magnetization of 5.0 emu/g. Although the magnetization 
value per weight was lower than 18 nm Fe3O4 (60.0 emu/g), each 
DL M-SiO2 NP unit had a 500-fold stronger magnetic property 
than that of bare 18 nm Fe3O4. Details of the calculations and 






Figure 37. (a) Scheme of analysis for accumulation profiles for the 
MNPs and (b) accumulation profiles for DL M-SiO2 NPs (red), SL M-









Figure 38. Hysteresis loop of DL M-SiO2 NPs.139
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2.3. Stability Analysis 
 
To confirm the stability of the prepared M-SiO2 NPs, SL M-SiO2 
NP were stored in three kinds of buffer solution of pH 4, 7 and 10 
for 7 days, respectively. The SL M-SiO2 NP maintained their 
original structure as well as the dispersion property and none of 
Fe3O4 NPs was leached out under acidic (pH 4, Fig. 39a) and 
neutral condition (pH 7, Fig. 9b). On the other hand, the silica 
surface layer of SL M-SiO2 NP was slightly degraded under basic 
condition (pH 10, Fig. 39c), although Fe3O4 NPs leaching was not 
found. Since most of the silica-based materials are working 
properly at  pH 6~8,148-151 our M-SiO2 NPs might be suitable for 
common bio-application. In addition, these NPs maintained their 
hydrodynamic size for 7 days in cell culture medium (Fig. 40a), 
and did not show significant cytotoxic activity, based on CCK-8 
assay results (Fig. 40b). These results clearly demonstrate the great 







Figure 39. Stability test of SL M-SiO2 NP under various pH conditions. 
TEM images of SL M-SiO2 NP after storage for 7 days at (a, top and 
bottom) pH 4 potassium hydrogen phthalate buffer, (b, top and bottom) 
pH 7 potassium hydrogen phosphate buffer, and (c, top and bottom) pH 







Figure 40. In vitro applicability analysis of SL M-SiO2 NPs. 
Hydrodynamic radius of SL M-SiO2 NP after storage for 7 days at (a/left) 
pH 7 potassium hydrogen phosphate buffer and (a/right) cell culture 
medium; 10% fetal bovine serum (FBS), 10 U/mL of penicillin, and 10 
μg/mL of streptomycin. (b) CCK-8 assay of DL M-SiO2 NPs. The cell 
viability data were obtained after subtracting the measured intensity of 
control group, i.e. DL M-SiO2 NPs-containing bare medium.139
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2.4. Magnetic Field-Assisted Protein Separation 
 
Streptavidin was separated to demonstrate that the NPs could be 
used to separate proteins with a magnet. Biotin-conjugated DL M-
SiO2 NPs and bare DL M-SiO2 NPs were incubated with FITC-
streptavidin in a 1.5 mL microtube. Biotin was conjugated easily 
to the NPs through a typical amine functionalization onto the silica 
surface followed by amide coupling. A magnet was placed close to 
one side of the two sample tubes for 30 min. Thereafter, the 
streptavidin captured M-SiO2 NP suspension was removed, and the 
streptavidin-captured M-SiO2 NP portion accumulated by the 
magnet was resuspended in fresh PBS buffer. The resuspended 
samples were analyzed under a confocal-optical microscope. All 
biotin-conjugated DL M-SiO2 NPs observed under the optical 
microscope illuminated green fluorescence originating from FITC-
streptavidin, indicating that streptavidin was clearly separated out 
using the biotin-conjugated DL M-SiO2 NPs (Fig. 37a and b). No 
green fluorescence of FITC-streptavidin was observed from the 






Figure 41. FITC-streptavidin separation using biotin-conjugated DL M-
SiO2 NP. Fluorescence and optical microscopic images of (a, b) biotin-
conjugated DL M-SiO2 NPs and (c, d) bare DL M-SiO2 NPs after 
incubation with FITC-streptavidin and magnet-induced separation. 





Core/multi-shell type silica-coated magnetic NPs were 
synthesized. We utilized the catecholate-iron complex-based 
surface modification method and fabricated a double-layered 
structure to immobilize a large number of Fe3O4 NPs on silica NPs. 
As a result, MNPs-embedded silica NPs, which contain 1,200 units 
of Fe3O4 NPs, were successfully prepared. The resulting NPs were 
highly uniform in size, and exhibited a superparamagnetic property. 
They were quantitatively collected using a magnet in a short period 
of time. Moreover, FITC-streptavidin was effectively separated by 
biotin-conjugated DL M-SiO2 NPs using an external magnetic 
field, showing that the DL M-SiO2 NPs have great potential to be 
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Appendix. Calculation of magnetic force of a single 
DL M-SiO2 NP [emu/unit] 
 
Ø Magnetic force of a single DL M-SiO2 NP [emu/unit] 
= Magnetic force of DL M-SiO2 NPs [emu/g] × weight of a 
single DL M-SiO2 NP [ng/unit]  
= 5.0 [emu/g] × (9.7 × 10−5) [ng/unit]  
= 4.9 × 10−13 [emu/unit] 
Ø Weight of a single DL M-SiO2 NP  
= (Volume of 400 nm DL M-SiO2 NP [nm3] – volume of 18 
nm Fe3O4 [nm3/unit] × 1200 [unit]) × density of SiO2 (2.65 
g/cm³) + volume of 18 nm Fe3O4 [nm3/unit] × 1200 [unit] × 
density of Fe3O4 (5.0 g/cm³)  
= 9.7 × 10−5 [ng] 
Ø Magnetic force of a single Fe3O4 NP [emu/unit] 
= Magnetic force of 18 nm Fe3O4 [emu/g] × weight of single 
Fe3O4 [g/unit] 
= 60.0 [emu/g] × 1.5 × 10−8 [ng/unit] 
= 9.0 × 10−16 [emu/unit] 
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Ø Weight of a single Fe3O4 NP 
= Volume of 18 nm Fe3O4 [nm3/unit] × density of Fe3O4 (5.0 
g/cm³) 
= 1.5 × 10−8 [ng]  
Ø Magnetic force of a single DL M-SiO2 NP /magnetic force of 
a single Fe3O4 NP 
= 540 
For these calculations, we assumed that; 1) all DL M-SiO2 NPs 
were completely spherical in shape, with the same size (r = 200 
nm, containing magnetite with r = 9 nm), 2) the DL M-SiO2 NPs 
consisted of only silica and Fe3O4 NPs, and 3) density of Fe3O4 





강한 형광을 발하는 양자점과 초상자성을 지닌 산화철 나노
입자는 의과학 및 생리학 응용연구 분야에서 이미 상당한 이
목을 끌고 있다. 하지만 일반적으로 나노물질은 제조 및 보관
의 편의상 소수성 물질로 표면이 보호되어있어 표면개질이 선
행되지 않으면 생물 응용연구가 불가능하다. 따라서 나노물질
의 표면을 의과학 응용에 보다 더 용이한 친수성 물질로 개질
하는 기술이 수십년간 다양한 방식으로 개발되어 왔다.  
제 1장에서는 실리카 구체 표면에 수백 개의 양자점을 고정
한 구조체 (QD-SiO2 NPs)를 합성하고, 형광 특성 및 세포 
관련 생물 연구에 적용시킬 수 있는 지에 대한 잠재성을 확인
했다. 합성된 QD-SiO2 NPs는 단일 양자점 자체의 양자 효율
을 안정적으로 유지했기 때문에 단위 입자당 더욱 강한 형광
을 방출했으며, 친수성이 있어 세포내 섭취를 통해 쉽게 암세
포 내로 도입되었다. 또한 줄기세포의 일종인 인간제대정맥내
피세포에 본 물질을 주입하고 세포 분화가 일어난 이후에도, 
형광 성질을 잃지 않는 동시에 내피세포의 분화를 방해하지 
않았다. 이를 통해 본 물질은 다양한 환경에서의 세포 연구에 
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표지자로써 적용 가능함을 확인하였다.  
제 2장에서는 폴리다이아세틸렌이 표면을 감싸고 있는 양자
점 담지 실리카 나노구체 (PDA-QD-SiO2 NPs)를 합성하고 
그 성질을 규명했다. 합성된 PDA-QD-SiO2 NPs는 표면의 
폴리다이아세틸렌과 입자 내부의 양자점 각각의 형광이 스펙
트럼의 중첩 및 왜곡 현상 없이 관찰되었다. 열 자극이 가해진 
PDA-QD-SiO2 NPs는 청색에서 적색으로 바뀌었으며 또한 
폴리다이아세틸렌 특유의 형광을 관찰할 수 있었다. 또한 변색
되지 않은 청색 PDA-QD-SiO2 NPs와 적색 PDA-QD-SiO2 
NPs을 혼합하여 형광현미경으로 분석한 결과 각각 입자가 잘 
영상화되었고 서로 뚜렷하게 구분되었다. 이를 통해 본 PDA-
QD-SiO2 NPs은 여러 표적 물질을 별도의 표지 없이도 동시
에의 탐지할 수 있는 잠재성을 가진 것으로 확인했다.  
제 3장에서는 초상자성 산화철 나노입자가 중심에 존재하는 
양자점 담지 실리카 나노구체 (M-QD-SiO2 NPs)를 합성하
고 그 형광 및 자성을 분석했다. 합성된 M-QD-SiO2 NPs는 
크기가 균일하고 강한 형광과 초상자성을 띄는 것을 확인했다. 
M-QD-SiO2 NPs는 모델 암세포인 MDA-MB-231에 쉽게 
침투되었으며, 나노입자를 섭취한 세포는 유세포분석기 및 외
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부 자기장을 통해 성공적으로 분리되었다. 이 결과를 통해 본 
M-QD-SiO2 NPs의 형광 및 자성을 이용하여 여러 종의 표
적 세포를 동시에 분리할 수 있음을 확인하였다.   
제 4장에서는 산화철 나노입자가 복층 구조로 이중 고정된 
실리카 나노구체 (DL-M-SiO2 NPs)를 합성하고 그 성질을 
규명했다. 합성된 DL-M-SiO2 NPs는 초상자성을 띄었으며, 
외부 자기장에 대하여 매우 효과적인 분리 양상을 보였다. 특
히 단일 산화철 나노입자와 단층 실리카 나노구체 (SL-M-
SiO2 NPs)의 경우 외부 자석에 의해 입자가 완전히 회수되지 
못하고 일정 구간에서 포화되는 기작을 보였으나 DL-M-
SiO2 NPs의 경우 입자를 완전히 회수할 수 있었다. 또한 바이
오틴이 결합된 DL-M-SiO2 NPs를 이용하여 스트렙타비딘을 
비특이적 결합없이 효율적으로 분리했다. 이 결과를 통해 본 
DL-M-SiO2 NPs는 생물 분자를 분리하고 분석하는데 유용함
을 확인하였다.   
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